The effects of different serum components alone and in conjunction with each other on Escherichia coli B were investigated. In general, the viability, turbidity, and electron microscope results were compatible with the following conclusions. The most efficient killing and destruction of E. coli B occurred when beta-lysin, lysozyme, and the antibody-complement system functioned in cooperation with each other at the serum concentration in. isotonic solutions. The addition of sucrose protected the bacteria from the lethal and lytic action of these agents. Elimination of lysozyme from serum had the least effect on bactericidal activity, even though lysozyme treatment caused the cell wall to separate from the cytoplasmic membrane and caused clear areas to appear in the inner granular layer of the cell wall. Beta-lysin removal had an intermediate effect on the serum bactericidal activity. Beta-lysin treatment caused cell walls to collapse, allowed cytoplasmic contents to leak out of the cells, and stopped the separation of cell wall and cytoplasmic membrane, which normally takes place in 0.5 M sucrose solution. Inactivation of the complement eliminated the serum bactericidal activity against E. coli B. After treatment with antibody and complement, the cell walls became thick and indistinct, a portion of the cytoplasmic contents escaped, and patches of the middle layer of the cell wall appeared in freeze-etch preparations. Beta-lysin damaged the cytoplasmic membrane, lysozyme damaged the inner peptidoglycan layer of the cell wall, and the antibody-complement system damaged both the middle lipopolysaccharide layer of the cell wall and the cytoplasmic membrane.
The necessity of antibody and complement in the killing of gram-negative bacteria and betalysin in the killing of gram-positive bacteria by serum has been known for over 80 years. Lysozyme cooperates with the antibody-complement system in both the bacteriolysis and bactericidal action of serum on gram-negative organisms. Treatment of serum by bentonite removes lysozyme and inhibits both the lysis (1, 12, 19, 26) and killing (10, 11) of these organisms. The addition of lysozyme to serum or bentonite-treated serum will accelerate or partially restore the bactericidal activity. The observation of Glynn and Milne (11) , that the addition of lysozyme at 10 times the serum concentration did not completely restore the bactericidal activity of bentonite-treated serum, caused them to postulate the existence of a bentonite-absorbable factor other than lysozyme, which is essential for serum bactericidal activity. Such a serum factor could be betalysin, even though purified beta-lysin is not bactericidal for gram-negative bacteria. In these experiments, Escherichia coli B was exposed to beta-lysin, lysozyme, and the complement-antibody system, alone or in combination with each other at physiological concentrations. Thin sections and freeze-etch preparations of the treated bacteria were examined with an electron microscope. The morphological changes were studied in conjunction with the viability and turbidity changes. The results helped clarify the interrelationships between the serum bactericidal components and determined the specific action sites of these different bactericidal agents. Since these experiments were carried out in both physiological saline solution (PSS) and 0.5 M sucrose solution, the significance of osmotic pressure in the killing of bacteria by serum was demonstrated.
DONALDSON ET AL. (5) . In serum, beta-lysin can be stored at -70 C for months without loss of bactericidal activity. However, storage of the purified preparations in liquid form at any temperature, including -70 C, resulted in the loss of its bactericidal effect. In this study, freshly prepared beta-lysin was lyophilized. It maintained bactericidal activity for 1 year in this form.
Anti-beta-lysin was prepared in guinea pigs against rabbit beta-lysin as previously described (6) (1.2 ,ug/ml) and beta-lysin (32 U/ml) were used in these bactericidal tests. Normal serum from adult rabbits contained antibody against E. coli B in addition to complement, lysozyme, and beta-lysin. This serum was bactericidal for E. coli B and killed 99% of an inoculum of 107 E. coli B in 10 min at 37 C. The serum bactericidal activity was complement dependent, since heating at 56 C for 30 min eliminated the bactericidal activity without affecting the antibody, lysozyme, or betalysin concentrations of serum. BRS, which contained no beta-lysin or lysozyme but normal In contrast, the addition of lysozyme to physiological concentrations did not restore the bactericidal activity of the BRS. Some clarification of the action site of the antibody, complement, beta-lysin, and lysozyme system was derived by the study of electron micrographs of treated E. coli B in 0.5 M sucrose solution. Electron micrographs of the typical cells were compiled into Fig. 1 , so that a comparison of these cells after the specific treatments could be made. There was always a slight separation between the cell wall and the cytoplasmic membrane when E. coli B had been in 0.5 M sucrose solution for 10 min. It was assumed that this periplasmic space was due to a loss of water because of the osmotic effects of the sucrose. When beta-lysin-treated cells (Fig. 1B) were compared with untreated cells, the most consistent difference was that the periplasmic space disappeared. This could be due to damage of the plasma membrane by beta-lysin with the loss of the semipermeable characteristics of the membrane. The most obvious lysozyme-induced alteration (Fig. 1C) was the extensive separation of the cytoplasmic membrane and the cell wall. The cytoplasmic membrane of these lysozyme-treated cells remained intact and enclosed the cytoplasmic contents. Cells treated with both beta-lysin and lysozyme (Fig. 1D) showed a marked separation of the cell wall from the cytoplasmic membrane and membrane damage. The release of cell contents from the cell was attributed to damage of the cytoplasmic membrane. Cells treated with BRS ( Fig. 1E ) lacked a clearly-defined periplasmic space. The cytoplasmic contents were less dense, and the cell walls were thicker and less distinct. These observations indicated that both the cytoplasmic membrane and the cell wall were damaged by the antibody-complement system.
The lysozyme-induced separation of the cell wall and the cytoplasmic membrane (Fig. 1C ) disappeared or was greatly diminished when BRS was present with the lysozyme (Fig. 1F) . The assumption that this was caused by antibody-complement action on the cytoplasmic membrane was in accord with the observation that the cytoplasm always appeared less dense when both agents were used. BRS-treated cells (Fig. 1E) were mainly rod-shaped, but became round when lysozyme was added (Fig. 1F) .
The extent of morphological damage, which takes place when these bacteria are killed by the antibody-complement system working in concert with beta-lysin, is illustrated in Fig. 1G and 1H. The cell debris, which is seen when E. coli B is treated with normal rabbit serum (Fig. 1H) , is comparable to that following treatment with beta-lysin in BRS (Fig. 1G) . Although an occasional cell appeared normal, the vast majority of these cells appeared as ghosts. Samples prepared for electron microscopy by the freeze-etch technique were unsatisfactory when bactericidal tests were performed in sucrose. The high sucrose concentration appeared to precipitate and mask structural details of the bacteria. This was not the case when bactericidal tests were done in the absence of sucrose. The results obtained when the various serum constituents were checked for bactericidal activity in PSS is shown in Table 2 . The significance of osmotic shock in the bactericidal reaction becomes obvious when these results are compared with those obtained from bactericidal tests performed in 0.5 M sucrose solution ( Table  1 ). The degree of killing was much greater in the absence of sucrose with the different serum constituents. Normal rabbit serum reduced the viable bacteria from 7.6 x 107 to 1.8 x 103/ml, for a bacterial survival of 0.002% in 10 min, when the bactericidal test was conducted in PSS. Serum bactericidal activity was completely eliminated when complement activity was destroyed by heat. The serum retained part of its bactericidal activity, killing 99.5% of the E. coli B, when the beta-lysin and lysozyme were removed by bentonite. When either lysozyme or beta-lysin were added to BRS at physiological concentrations, bactericidal activity was not enhanced. In fact, the addition of lysozyme to BRS consistently protected some of the bacteria from the bactericidal action of BRS. This result was unexpected since others (7, 8, 11, 19, 20, 24, 27) have shown that lysozyme, in concentrations 10 times those used in this study, increased bacteriolytic and bactericidal activity of BRS. The addition of both beta-lysin and lysozyme enhanced the bactericidal activity of BRS. The samples which contained either beta-lysin, lysozyme, or beta-lysin plus lysozyme were only slightly bactericidal.
To determine whether the neutralization of beta-lysin in rabbit serum would reduce the bactericidal activity against E. coli B, equal volumes of serum and heat-inactivated antibeta-lysin were mixed. After incubation for 10 min at 37 C, the bacterial survival was determined by the standard plate count method. Normal serum reduced the number of viable E. coli B over 1,000-fold, whereas serum plus 659 VOL. 10, 1974 anti-beta-lysin reduced the viable bacteria less than 10-fold (Table 3) .
This freeze-etch electron microscopy study was undertaken with the expectation that further information would be acquired concerning the action sites of the bactericidal constituents of serum. Electron micrographs of cells exposed to different serum constituents in PSS for 10 min were compiled into Fig. 2 . The freeze-etch technique revealed the surfaces of the different cell wall layers which were not distinguishable in thin-section studies. The control cell ( Fig.  2A) had the three typical surfaces that were observed after freeze-etching. In general, the beta-lysin-treated E. coli B appeared normal, except that 48% of the cells exhibited a characteristic collapsing of either the cell wall or the cytoplasmic membrane (Fig. 2B) . This indicated some loss of the cytoplasmic contents, which was consistent with the thin-section results. These beta-lysin-treated cells retained their typical rod shape. When E. coli B were treated with lysozyme (Fig. 2C) , areas devoid of granules were observed above the cytoplasmic membrane. This was unexpected since others referred to this granular layer as the surface of the cytoplasmic membrane (2, 4, 21, 25) . Most of these lysozyme-treated cells retained their typical rod shape. Treatment of E. coli B with BRS resulted in discrete patches on the second layer of the cell wall adhering to the inner peptidoglycan layer (Fig. 2D) (Fig. 2E) . Most of the BRS-lysozymetreated cells had patches composed of the middle layer of cell wall, but 60% of the patches were large and covered most of the cytoplasmic membrane. The remaining patches were small and could not be distinguished from those observed after treatment of E. coli B by BRS without lysozyme (Fig. 2D) . More than 90% of these E. coli lost their characteristic rod shape and became round, due to the action of antibody, complement, and lysozyme. The pitting of the cytoplasm resembled that reported when the bacteria were treated with BRS without lysozyme. Whenever beta-lysin was present with the antibody-complement system, the damage to the bacteria was so extensive that very few surfaces were observed in the freezeetch preparations. Practically all of these cells lost their rod shape and appeared as ghosts, consisting of empty cell walls (Fig. 2F) , or appeared as a cross section of cells with pitted cytoplasm (Fig. 2G) . This was the case when cells were exposed to either normal serum or BRS plus beta-lysin. The almost complete destruction of the bacteria, as seen with the electron microscope, is consistent with the bactericidal results that most of the bacteria were killed by normal serum or BRS reconstituted with beta-lysin. A compilation of the percentage of changes in the morphological appearance of freeze-etched E. coli B after treatment by various serum constituents is shown in Table 4 .
These percentages were obtained by examining all of the electron micrographs after the various treatments. These results show that the effects of the different serum constituents, alone and in combination with each other, on the bacterial cells were of a quantitative nature.
The lysis of a culture of E. coli B treated with various serum constituents, alone and in combination with each other, was calculated from changes in optical density read at 650 nm. This was done to further explain the action of serum components on these gram-negative bacteria. A display of the data accumulated from these experiments is shown in Fig. 3 . Normal serum and BRS, to which beta-lysin and lysozyme had been restored to normal levels, quickly caused the lysis of the bacteria, reaching at least 90%. BRS plus beta-lysin also lysed the bacteria, although this treatment was neither as rapid nor as effective as normal serum. Beta-lysin or lysozyme in PSS caused a slight nonspecific lysis of the bacteria. BRS plus lysozyme caused no lysis. The results of these experiments are consistent with the bactericidal data recorded in Table 2 and further demonstrate the requirement for all components of serum for the optimal activity against E. coli B.
DISCUSSION
It has been previously reported (24) that normal serum injures all of the peripheral structures of E. coli. This study confirmed the observation (1, 10, 12, 19, 26) that the antibodycomplement system functions in conjunction with other serum constituents in the injury of these gram-negative bacteria. Even though beta-lysin, lysozyme, and the antibody-complement system augment each other, it is apparent that the antibody-complement system is of primary significance in the serum bactericidal activity for E. coli B. This was illustrated by the following observations. (i) Inactivation of complement by heat caused a complete loss of serum bactericidal activity. (ii) Beta-lysin and lysozyme, alone or in conjunction with each other, had little or no lethal effect on these gram-negative organisms. (iii) The antibodycomplement system appeared to cause more widespread damage to peripheral structures than either beta-lysin or lysozyme. Alterations, similar to those reported on the lipopolysaccharide-phospholipid layer of the cell wall (7) and the cytoplasmic membrane (8), were observed after exposure to the antibody-complement system. In contrast, beta-lysin action appeared to be restricted to the cytoplasmic membrane, and lysozyme action restricted to the inner layer of the cell wall.
According to DePetris (3) , the smoother outer layer of the E. coli cell wall is composed of lipoprotein, and the middle smooth layer of the (8) , who showed that bentonite-absorbed serum had reduced bactericidal activity against E. coli in:0.6 M sucrose solutions.
Even though extensive morphological damage to either cell wall or cytoplasmic membranes can be caused by either the antibodycomplement system, lysozyme, or beta-lysin,.
the E. coli often recover from this damage. This appears to be particularly significant when osmotic forces are reduced by the addition of sucrose to the test medium.
Beta-lysin has been shown to act on the cytoplasmic membrane of the highly susceptible gram-positive bacteria (13) , but is not bactericidal for gram-negative bacteria. The results of this study demonstrated that betalysin also damaged the cytoplasmic membrane of gram-negative bacteria, but these organisms were still capable of surviving. This is consistent with the knowledge that the gram-stain differences are due to differences in the cell wall and not in the cytoplasmic membrane. It appears that the complex gram-negative cell wall is more effective than the gram-positive cell wall in enabling bacteria to survive cytoplasmic membrane damage.
